Abstract. Magnetic reconnection has long been believed to be an efficient engine for energetic electrons production. Four different structures have been proposed for electrons being energized: flux pileup region, density cavity located around the separatrix, magnetic island and thin current sheet. In this paper, we compare the electron acceleration efficiency among these structures based on 12 magnetotail reconnection events observed by the Cluster spacecraft in [2001][2002][2003][2004][2005][2006]. We used the flux ratio between the energetic electrons (> 50 keV) and lower energy electrons (< 26 keV) to quantify the electron acceleration efficiency. We do not find any specific sequence in which electrons are accelerated within these structures, though the flux pileup region, magnetic island and thin current sheet have higher probabilities to reach the maximum efficiency among the four structures than the density cavity. However, the most efficient electron energization usually occurs outside these structures. We suggest that other structures may also play important roles in energizing electrons. Our results could provide important constraints for the further modeling of electron acceleration during magnetic reconnection.
Introduction
Electron energization is an outstanding issue in plasma physics and astrophysics. Magnetic reconnection is able to produce a large number of energetic electrons (Sonnerup, 1979) . In the terrestrial magnetosphere, hundreds of keV electrons were detected in the reconnection region (e.g. Øieroset et al., 2002) . In the past decade, there have been many theoretical models and observations about electron acceleration during magnetic reconnection.
Electrons can be accelerated within thin current sheet in the vicinity of X-line (Pritchett, 2006; Retino et al., 2008) . They are accelerated by the reconnection electric field either adiabatically (with guide field) or non-adiabatically (without guide field) within the thin current sheet, where they drift against the out-of-plane reconnection electric field. Significant energetic electron fluxes increase has been observed in the magnetic islands and/or flux ropes associated with reconnection (Chen et al., 2008; Huang et al., 2012a) . Drake et al. (2006) proposed a Fermi-type acceleration mechanism in multiple X-lines reconnection. Electrons gain energy as the island is contracting. Magnetic separatrix has also received huge attention on electron acceleration. It was shown that parallel electric field exists inside the density cavity around the separatrix. Electrons streaming along the separatrix can be accelerated by this parallel electric field Pritchett, 2006) . Wang et al. (2013) reported the co-existence of ∼ 100 keV electrons and patchy parallel electric field inside a density cavity at the separatrix region. However, there is negative result that energetic electron fluxes decreased inside a density cavity . A secondary acceleration at the magnetic flux pileup region downstream of X-line was proposed by Hoshino et al. (2001) . They suggested that electrons can be energized by inductive electric field at the flux pileup region due to their gradient-B or curvature-B drift against the electric field. This scenario was confirmed by the follow-up satellite ob-servation (Imada et al., 2007) . In addition, recent observations found that the flux pileup region can propagate far away from X-line in the magnetotail. The flux pileup region usually has a sharp leading boundary, which is called dipolarization front (e.g. Zhou et al., 2009) . Electrons can be accelerated around the front by adiabatic betatron and Fermi acceleration, or non-adiabatic acceleration through wave-particle interactions (Ashour-Abdalla et al., 2011; Deng et al., 2010; Fu et al., 2013; Huang et al., 2012b) . In summary, thin current sheet, magnetic island, density cavity around the separatrix and flux pileup region are four different structures which are frequently involved in electron energization during reconnection. The locations of these structures in the context of 2-D reconnection geometry are depicted in Fig. 1 . Huang et al. (2012a) experimentally compared the energetic electron fluxes within a thin current sheet and a magnetic island in a diffusion region. They found that flux within the island was larger than that within the thin current sheet. Based on this they suggested that electrons were first accelerated in the current sheet and further energized inside the island. Their study raises some interesting questions: does any specific sequence exist in which electrons are accelerated through these structures (Hoshino et al., 2001; Huang et al., 2012a; Imada et al., 2007) ? At which structure is the electron acceleration the most efficient? In this paper we extend their study by comparing the energetic electron acceleration efficiency among these different structures during multiple reconnection events in the Earth's magnetotail.
Observation
Multiple instruments of Cluster spacecraft were used in this study, including the fluxgate magnetometer (FGM) (Balogh et al., 2001) , the electric fields and waves (EFW) (Gustafsson et al., 2001) , the Cluster ion spectrometry (CIS) (Rème et al., 2001) , the plasma electron and current experiment (PEACE) (Johnstone et al., 1997) , and the research with adaptive particle imaging detectors (RAPID) (Wilken et al., 2001) . Only the data points with values above the background noise and that were also flagged with quality number 3 or 4 (good for publication) were used from PEACE. Magnetic field and plasma flow are presented in the geocentric solar magnetospheric (GSM) coordinate, while the electric field is shown in the ISR2 (inverted spacecraft reference) coordinate. Temporal resolutions for magnetic and electric fields are 22.3 Hz and 25 Hz respectively. Electron density with resolution of 0.2 s was inferred from the spacecraft potential (Pedersen et al., 2008) .
Our database consists of reconnection events in the Earth's magnetotail during the years -2006 (Zhou et al., 2014 . We chose the events in which correlated flow V x and magnetic field B z reversal were detected. In addition, the polarizations of out-of-plane magnetic fields B y and normal electric fields E z that consistent with the conventional Hall fields were also detected during the flow reversal, which confirms that the spacecraft were very close to X-line.
The accuracy of identifying the aforementioned four structures is crucial for this study. Below we discuss and list our criteria.
Thin current sheet
We define the thin current sheet as ion-scale current sheet, the thickness of which is around the local proton inertial length d i . Here d i = c/ω pi is based on the proton density in the current sheet measured by CIS. If four spacecraft have all crossed the sheet, then we employed the well-known timing method to estimate the sheet thickness. This method is available when the spacecraft inter-distance is much smaller than the current sheet width. If less than four spacecraft have crossed the sheet, we resort to a less accurate and less straightforward method. This method requires two spacecraft being located on the opposite side of current sheet, i.e. one in the Northern Hemisphere while the other in the Southern Hemisphere. In this situation the current sheet thickness should be close or less than the distance between the two spacecraft along the Z direction.
2. Flux pileup region a. |B z | increases more than 5 nT in 20 s. B z can be either positive or negative. When B z is positive (negative) the corresponding plasma flow should be earthward (tailward).
b. The associated maximum equatorial plasma flow speed should be greater than 150 km s −1 , i.e., vx 2 + vy 2 > 150.
3. Magnetic island a. B z exhibits a nearly symmetric bipolar change, and B y has an enhancement or dip at the center (i.e., double peak structure) (Borg et al., 2012; Chen et al., 2008) .
Highly asymmetric bipolar B z structure is probably the dipolarization front.
4. Density cavity around the separatrix a. The spacecraft should be away from current sheet, which means that |B x | is not very small. Here we require that |B x | > 5 nT.
b. It corresponds to large density variations (density should decrease at least fivefold) and electric field fluctuations (|δE| > 10 mV m −1 ) (Cattell et al., 2005; Zhou et al., 2011) .
It should be noted that structures located on the high latitude and tailward of X-line may contain electrons from the distant reconnection site, so these structures are eliminated from our database.
In this paper, acceleration efficiency is defined as the proportion of energetic electrons in the whole energy distribution. We used the flux ratio of energetic electrons to lower energy electrons to quantify the efficiency. Here we used electrons measured by RAPID (50.5-244.1 keV) to represent energetic electrons, which is in accord with many previous studies (e.g. Chen et al., 2008) . Fluxes of the first energy channel of RAPID occasionally have abnormal fluctuations and/or spikes (not shown), so we did not use it. PEACE measures electrons in the range of approximately 5 eV-26 keV. Electrons with energy less than 70 eV may be contaminated by photoelectrons, so we set the lower energy boundary for thermal electrons as 100 eV. Hence we used electrons from 100 eV to 26 keV measured by PEACE to represent lower energy electrons. Figure 2 presents an energy distribution to show the energy ranges for energetic and lower energy electrons. This ratio has been employed by Imada et al. (2011) to compare the electron acceleration efficiency among different reconnection events. It is a more reliable parameter than the flux magnitude to indicate the electron acceleration efficiency. Relying on flux magnitude may misinterpret some pseudo acceleration event. For instance, the density variation can lead to flux variation even if the energy distribution does not change. If a spacecraft moves from lower density plasma to higher density plasma with density increases by a factor of two, it will measure a two times increase of energetic particle flux even if the energy distributions are the same in these two plasmas. However, this flux increase is not due to acceleration but merely a plasma compression.
Small-scale or transient structures, the duration of which is less than the spin period 4 s, are not included in this study because the cadence of electron flux data is 4 s. To compare the electron acceleration efficiency among different structures, we chose the events in which at least two different structures were encountered. If one type of structure was detected more than once in one event, or one structure was detected by more than one spacecraft, we chose the one that has the highest flux ratio. Following this we present two events in which all four types of structures were detected by Cluster. The first event is between 09:38 and 09:51 UT on 1 October 2001. This event has been extensively studied in many different aspects, such as diffusion region structure and electron energization (e.g. Runov et al., 2003; Cattell et al., 2005; Chen et al., 2008) . Figure 3 presents the four structures observed by Cluster. The upper left plot (Fig. 3a) shows the C1 observation of a density cavity around 09:50:10-09:50:20 UT. The density cavity is manifested as a sharp density drop (from 0.3 to 0.03 cm −3 ). It corresponds to a large B x (∼ 20 nT) and intense electric field fluctuations (> 100 mV m −1 ). The upper right plot (Fig. 3b) shows the C3 observation of a magnetic island around 09:47:10-09:47:20 UT. This island is manifested as bipolar B z and evident enhancement of core field |B y |. The two sides of island moved in opposite direction as there was a flow reversal inside the island. The convergent flow inside the island was originated from the two active X-lines binding the island (Deng et al., 2004; Zhou et al., 2012) . The lower left plot (Fig. 3c) shows the C3 observation of a flux pileup region around 09:48:46-09:48:52 UT. We see a rapid B z increase (> 15 nT in less than 10 s) at the leading edge of a fast earthward flow. The lower right plot (Fig. 3d) shows the C2 observation of a thin current sheet around 09:46:33-09:46:40 UT. The thickness of the current sheet is about 700 km ∼ 1.4c/ω pi (based on the local plasma density 0.2 cm −3 ). We note that all the above-identified structures are consistent with our criteria. The maximum flux ratios within the density cavity, magnetic island, flux pileup region and thin current sheet are (1.8 ± 0.3) × 10 −4 , (9.4 ± 0.3) × 10 −4 , (11.6 ± 0.4) × 10 −4 and (3.5 ± 0.6) × 10 −4 respectively. The error bar indicates the standard deviation of flux measure- ments by RAPID. We see that the ratios in the flux pileup region and magnetic island are higher than those inside the other two structures. The maximum flux ratio recorded in this event is (11.6 ± 0.4) × 10 −4 , which is the same as the flux ratio inside the flux pileup region. Another event is between 09:41 and 09:57 UT on 22 August 2001. This event has been studied by Eastwood et al. (2007) . They reported the Hall magnetic and electric fields in the ion diffusion region from both hemispheres. Figure 4 presents the four structures observed by different spacecraft. The upper left plot (Fig. 4a) shows the C1 observation of a flux pileup region around 09:42:51-09:42:58 UT. The upper right plot (Fig. 4b) shows the C1 observation of a thin current sheet around 09:53:54-09:54:02 UT. The current sheet thickness is about 450 km ∼ 1.1c/ω pi (based on the local plasma density 0.3 cm −3 ). The lower left plot (Fig. 4c) shows the C2 observation of a density cavity around 09:42:37-09:42:44 UT. The cavity was located around a separatrix, which corresponds to a large B x and intense electric field fluctuations. The lower right plot (Fig. 4d shows the C2 observation of a magnetic island around 09:56:10-09:56:16 UT. All the above structures are consistent with our criteria. The maximum flux ratios within the flux pileup region, density cavity, thin current sheet and magnetic island are (2.5 ± 0.2) × 10 −4 , (3.4 ± 0.5) × 10 −4 , (9.5 ± 1.0) × 10 −4 and (2.3 ± 0.3) × 10 −4 respectively. The ratio in the thin current sheet is higher than those in the other structures. This is different from the October 01, 2001 event in which the flux pileup region has a higher ratio than the other three structures. The maximum flux ratio in this event is (16.4 ± 1.5) × 10 −4 . This value is larger than those measured in the four structures. Panel e shows that it occurred inside the current sheet and tailward flow. It corresponds to the increase of high energy electron flux and decrease of lower energy electron flux, and relatively low electric field fluctuations. Overall, there are 12 events that have more than one structures detected by Cluster. Detailed parameters of these structures are listed in Table 1 . Symbol "P" denotes flux pileup region, "C" denotes density cavity, "S" denotes thin current sheet and "I" denotes magnetic island. The power law indices of energetic electrons (by using four energy channels from 50.5 to 244.1 keV) are also calculated for reference. In order to reduce the statistical uncertainties, the power law index was calculated only if the integrated energetic electron flux was greater than 1000/(s sr cm 2 ). For each event we sort the structures in order of the flux ratio from high to low. Two values are indistinguishable if the error bars are overlapped with each other.
From Table 1 we see that the order of electron acceleration efficiency is different in different events. For instance, the sequence is S-C-P-I in the 22 August 2001 event according to the efficiency from high to low, while the sequence is I-P-C-S in the 19 September 2003 event. The number of events that flux pileup region has the highest efficiency among these structures is 5, while the number of events that flux pileup region was detected is 11. Hence the occurrence rate that flux pileup region has the highest efficiency is 5/11. The two numbers for density cavity are 1 and 9, for magnetic island are 2 and 8, and for thin current sheet are 3 and 9. For simplicity, we call the evens that flux pileup region has the highest efficiency among the four as P-type events. Similarly we define other three types of events: C-type, S-type and I-type events. We see that all four type events exist in the 12 reconnection events. And the occurrence rates of P-type, I-type and S-type event are similar, while they are greater than the occurrence rate of C-type event. Furthermore, we calculated the maximum flux ratio ever measured for each event (rightmost column of Table 1 ). It is shown that, only in four events (12 September 2001 , 1 October 2001 , 14 September 2004 and 28 August 2005 , the maximum ratio occurs inside these four structures. The maximum efficiency occurs outside the four structures for the majority of events. 
Discussion and summary
In this paper, we study the electron acceleration efficiency in reconnection region by examining 12 reconnection events in the magnetotail observed by Cluster spacecraft. The flux ratio of (50.5-244.1) to (0.1-26) keV electrons is employed to quantify the electron acceleration efficiency. We compared the electron acceleration efficiency within the following four structures: thin current sheet, density cavity around the separatrix, magnetic island and flux pileup region. We find that the occurrence rates of P-type, I-type and S-type events are higher than the occurrence rate of C-type event. However, we do not find consistent order of efficiency among these four structures through the analysis of the 12 events, which implies that there is no specific sequence in which electrons are energized through these structures. Through a statistical study of energetic electrons in the magnetotail reconnection region, Zhou et al. (2015) found that the electron acceleration efficiency is positively correlated to the plasma outflow speed V x . Because there is no specific order of outflow speed associated with the four structures, it is understandable that there is no specific sequence of electron acceleration through the four structures. Another possible reason is probably the electron acceleration is not confined in the four structures but occurs in a wider region. Using large-scale PIC simulations, Egedal et al. (2012) showed that electron acceleration occurs within a large fraction of reconnection exhaust, including the density cavity along the separatrix and magnetic island etc. Furthermore, Dahlin et al. (2015) found that in a 3-D system electrons are not confined in a single structure but instead move throughout the reconnection domain due to the stochastic magnetic fields caused by filamentation of Table 1 . A summary of flux ratio and power law indices within the different structures for all the selected reconnection events. "-" in the column of power law index corresponds to the integrated energetic electron flux less than 1000/(s str cm 2 ). For each event the structures are sorted in order of flux ratio from high to low. Figure 5 displays the locations of the most efficient energizations as a function of reconnecting magnetic field B x and plasma outflow speed V x . The energization occurs in a broad regime from B x = −0.8B 0 to B x = 0.8B 0 and from V x = −0.5V A to V x = 0.5V A . There are more data points within the earthward flow than those within the tailward flow. The reason for this asymmetry is yet unknown. Our results do not contradict with recent results that emphasize the dominant role played by the earthward moving dipolarization fronts in electron energization in the near-tail region (e.g. Ashour-Abdalla et al., 2011) . This is because we focus on the region around the neutral line beyond X ∼ −15 R E , where the flux pileup region/dipolarization front is just produced. Whereas most observations of energized electrons associated with dipolarization fronts were made at X > −15 R E , where electrons have been interacted with the electric field associated with the flux pileup region in sufficient time.
Electrons inside these structures may drift from other acceleration sites. In particular, Duan et al. (2014) found that most energetic electrons in plasma sheet are directly or indirectly associated with magnetic reconnection, but some energetic electron burst is not caused by local acceleration. Actually we cannot determine the relative contribution of these two factors (local acceleration and drift-in effect) in any of the four structures. What we confirm is that local acceleration exists inside all four structures, as we have described in the introduction section. If the two factors coexist in one structure, take magnetic island for example, electrons trapped within the island may come from the thin current sheet, where they have been energized. Then these electrons are further energized inside the island. Hence the acceleration efficiency within the island is higher than that within the current sheet. What we emphasize is the resultant efficiency, which is determined by the two factors even though we do not know the relative contributions from them based on the present study.
Interestingly, one may notice that, in some of the events, the highest flux ratio corresponds to the lowest power law index, Because not only the power law index but also the effective temperature affects the flux ratio, we suggest that in some cases electrons are substantially heated so the ratio is high even though the spectrum is relatively softer.
We also note that the maximum ratio for each event usually does not locate in the four structures. It means that the most efficient energization of electrons occurs outside these structures. Although many previous studies focus on the electron energization inside these four structures, what we learn from this study is that, other structures (except the four we discussed) may be more important for electron energization and worth paying more attention to in future studies.
